Calculations performed as part of this study indicate that injection of treated groundwater containing treated regenerant solution has a high potential for precipitate formation that could lead to plugging of formation porosity surrounding the injection well. Precipitate formation could lead to substantial loss in porosity on an annual basis at high injection rates, but is minimal at low injection rates. In the worst case scenario, substantial plugging could occur within a year of the initiation of injection. For example, assuming an injection rate of 600 gallons/minute, 24 hours/day and 365 days/year, an annual porosity loss of 7.3% is predicted for an initial solution pH of 7.0. At pH 8.0, the annual porosity loss would increase to 16% per year. For cases in which solution injection is assumed to occur at a rate of 600 gallons/minute, 15 hours/day and 1 day/week, the annual porosity loss drops considerably. For these assumptions, the annual porosity loss is 0.65% for an initial solution pH of 7.0 and 1.4% for an initial solution pH of 8.0.
Introduction
Ion-exchange resins are used to treat groundwater contaminated with hexavalent chromium during pump-and-treat operations. Multiple resin regeneration approaches are being evaluated for treatment options. One approach is in-vessel regeneration of the ion-exchange resins. This approach produces approximately 1,000 gallons of effluent high in total dissolved solids including calcium, phosphate, and sulfate. Several options are being considered for disposal of the effluent, including transfer to the Treated Effluent Disposal Facility for processing, onsite evaporation and disposal of solids, co-injection of either filtered or unfiltered effluent with regular injection water after it passes through treatment at the 100-DX facility, 100-HR-3 Operable Unit, or other treatment system.
In the reinjection option, effluent is pumped into the aquifer via injection wells subsequent to pH neutralization. A concern with this approach is the potential degradation of injection performance over time as a result of scale build-up in the well screen, filter pack, and surrounding aquifer.
The purpose of this report is to apply geochemical modeling techniques to evaluate the potential for precipitate formation in the ion-exchange regeneration effluent solutions as they are re-injected into the subsurface aquifer and to determine its potential impact on aquifer porosity.
Approach
The React module of The Geochemist's Workbench ® software package was used to model the chemical equilibrium of the system and to identify and determine the quantities of minerals that could potentially precipitate. Two approaches were taken to model the system. In the first approach, an initial solution composition was assumed and was allowed to come to equilibrium by allowing minerals to precipitate until equilibrium was established. Once equilibrium was established, the quantities of minerals that precipitated to reach equilibrium were quantified.
In the second approach, reaction path modeling was used. In this approach, an initial solution of assumed composition is reacted with the mineral calcite (CaCO 3 ) which is commonly present in Hanford sediments. In this case, if any new calcium containing precipitates form, the solution will likely become undersaturated with respect to calcite and calcite will dissolve until the system reaches equilibrium with respect to the new precipitates. Table 1 shows the estimated parameters for treated groundwater containing treated regenerant from the 100-DX facility that were used in the geochemical modeling. Runs were made at four different pH values (7.0, 7.8, 8.0 and 8.5) , with all other parameters being held constant. 
Results
Saturation indices (SIs) for relevant minerals calculated for the initial treated regenerant solution at the four pH values are shown in Table 2 . The saturation index is defined as SI = log (Q/K sp ), where Q is the ion activity product and K sp is the mineral solubility product at equilibrium at the specified temperature. Minerals with SI values near zero are generally considered to be near equilibrium with the solution composition; more positive values are considered oversaturated; and more negative values are considered undersaturated. Results of the saturation index calculations indicate that the injection solution (treated groundwater containing treated regenerant) is highly oversaturated with respect to fluorapatite [Ca 5 (PO 4 Table 2 because it is a key precursor to CaCO 3 precipitation (Elfil and Hannaci 2006) . Monohydrocalcite is undersaturated throughout the pH range considered. Gypsum in also significantly undersaturated throughout the pH range considered.
Subsequent to the initial determination of saturation indices, the solutions were then allowed to equilibrate to determine the mass of minerals that would precipitate from a single liter of solution. Results of these modeling calculations are shown in Table 3 . The results indicate that fluorapatite could precipitate at a consistent value for all pH values considered. Hydroxylapatite does not precipitate at pH 7.0, but significant precipitation can occur at pH 7.8 to 8.5. Calcite precipitation does not occur at pH values of 7.0 and 7.8. Minor amounts of calcite are predicted to precipitate at pH 8.0 and relatively large amounts of precipitation are expected at pH 8.5. Based on the masses of these precipitates and the densities of the corresponding phases, the volumes of the precipitates that could form were calculated and are presented in Table 4 . Results from the reaction path modeling approach are shown in Table 5 in terms of volume of precipitate formed. In this approach, the initial solution is assumed to be in contact with calcite and is then allowed to come to equilibrium with the new precipitates. The volumes of fluorapatite and hydroxyapatite are similar and remain relatively constant throughout the pH range considered. At pH 7.0, a significant amount of calcite dissolution is predicted to occur, resulting in a significant negative net volume change. At pH 7.8, the volume of calcite dissolved is similar to the total of the volumes of fluorapatite and hydroxyapatite precipitated, resulting in a small net increase in precipitate volume. At pH values of 8.0 and 8.5, the results for reaction path modeling approach are identical to those of the simple equilibration approach. This is because at pH 8.5 the solution is initially oversaturated with respect to calcite, so contact with calcite has no impact on the final equilibrated solution. The impact of precipitate formation on porosity was calculated based on the volume of precipitates formed per liter of water and assumptions regarding injection rate and aquifer porosity (personal communication John Smoot). Two sets of assumptions were used for these calculations. For the first case, the following assumptions were used: 1) the treated regenerant solution is injected at a rate of 600 gallons/minute, 24 hours/day and 365 days/year; 2) the screened interval in which solution is injected into the aquifer is 20 feet thick; 3) the precipitates form within 5 feet of the injection well; and 4) the effective aquifer porosity is 20%.
Results of the impact of precipitate formation on porosity for the eight geochemical scenarios considered and the first set of injection assumptions are shown in Table 6 . The calculated results for equilibration of the initial solution (without contact with calcite) indicate that significant porosity loss is likely at all pH values considered and that the loss increases significantly as the pH increases from 7.0 to 8.5. At pH 7.0, the porosity loss is 7.3% per year, while at pH 8.5 the loss is 49% per year. The results for the reaction path modeling case in which it is assumed that the initial solution contacts calcite that could be available in the aquifer matrix indicate that a significant gain in porosity would occur for injection of the pH 7.0 solution. This is because the porosity loss from the precipitation of fluorapatite and hydroxylapatite is small compared to the quantity of calcite that dissolves. This porosity gain will only be applicable as long as calcite is available in the aquifer material for dissolution. Once all the calcite has dissolved, the porosity loss rate would return to 7.3% per year. At pH 7.8, contact with calcite (calcite dissolution) results in a significant reduction in the rate of porosity loss (from 7.3 to 1.9% per year). Again, for this case, once all the calcite in the aquifer matrix has dissolved the porosity loss rate will return the higher value of 13% per year. At pH values of 8.0 and 8.5, contact with calcite has not impact on the porosity loss rate. This is because at these pH values the initial solutions are already oversaturated with respect to calcite. Additional calculations were made for an alternative injection scenario. In this case, the following assumptions were used: 1) the treated regenerant solution is injected at a rate of 600 gallons/minute, 15 hours/day for 1 day/week; 2) the screened interval in which solution is injected into the aquifer is 20 feet thick; 3) the precipitates form within 5 feet of the injection well; and 4) the effective aquifer porosity is 20%. The results for initial solutions at pH 7.0 and 8.0 are shown in Table 7 . For these assumptions, the annual porosity losses are considerably lower at 0.65% for an initial pH of 7.0 and 1.4% for pH 8.0. 
Discussion
Although the calculations discussed in Section 3.0 are expected to be reliable with respect to the precipitates that may occur within the assumption of thermodynamic equilibrium, some uncertainty exists with respect the rate at which the precipitates will occur. The uncertainty results from the fact that equilibrium with an alteration mineral assemblage cannot always be assumed, especially in systems where low temperature leads to slow rates of chemical reaction, or if there exists a perturbation away from equilibrium, e.g., relatively fast hydrologic flow rates from one geochemical regime into another (Palandri and Kharaka 2004) . As a result, precipitation rate data are necessary to determine how fast the precipitation would occur relative to expected injection flow rates.
Unfortunately, precipitation rate data do not exist for most minerals. This is due primarily because in mineral precipitation experiments, undesired metastable reaction products usually precipitate instead of the desired mineral, especially far from equilibrium at high degrees of supersaturation. An example of this behavior is the precipitation of amorphous silica from fluids that are grossly supersaturated with respect to quartz (SiO 2 ). In addition, quartz precipitation is prohibitively slow at ambient temperatures and low degrees of supersaturation. When precipitation rate data are available, the rates are typically dependent upon surface area of the minerals of interest, which can be difficult to evaluate and change as the precipitation process proceeds.
The precipitation kinetics of calcium phosphate is important in a wide range of applications including materials science, orthopedics and plastic surgery, and environmental science and engineering. As a result, precipitation kinetics of calcium phosphate has been the subject of many studies (e.g., Oliveira et al. 2007; Hafez et al. 2006; Liu et al. 2001; Rodriquez-Clemente et al. 1998; Gasser et al. 1994; Brown et al. 1991) . Unfortunately, the conditions used to study calcium phosphate precipitation kinetics in these studies are not relevant to or cannot be readily extrapolated to Hanford aquifer conditions. The conditions studied by Hafez et al. (2006) appear to be the most relevant to those of a Hanford aquifer. Hafez et al. (2006) 3 ] were the predominant phases at 50ºC and 70ºC both in the presence and absence of sand in the pH range of 6 to 8. Unfortunately, data are not available for lower temperature conditions more relevant to a Hanford aquifer (approximately 15ºC).
Summary and Conclusions
Calculations performed as part of this study indicate that injection of treated groundwater containing treated regenerant solution has a high potential for precipitate formation that could lead to plugging of formation porosity surrounding the injection well. Precipitate formation could lead to substantial loss in porosity on an annual basis at high injection rates, but is minimal at low injection rates. In the worst case scenario, substantial plugging could occur within a year of the initiation of injection. For example, assuming an injection rate of 600 gallons/minute, 24 hours/day and 365 days/year, an annual porosity loss of 7.3% is predicted for an initial solution pH of 7.0. At pH 8.0, the annual porosity loss would increase to 16% per year. For cases in which solution injection is assumed to occur at a rate of 600 gallons/minute, 15 hours/day and 1 day/week, the annual porosity loss drops considerably. For these assumptions, the annual porosity loss is 0.65% for an initial solution pH of 7.0 and 1.4% for an initial solution pH of 8.0.
Some uncertainty is associated with respect to these analyses. The uncertainty results from the fact that equilibrium with the most stable mineral assemblage cannot always be assumed and that slow precipitation rates could occur and reliable estimates of precipitation kinetics under Hanford aquifer conditions are not available. It is recommended that the potential of calcium phosphate precipitation be investigated further using a combination of laboratory and field investigations to reduce this uncertainty. 
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